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A GUARD CIRCUIT FOR 
CAPACITANCE BRIDGE 
MEASUREMENT 

• THE FUNCTION OF A GUARD 
CIRCUIT is to provide a point to which 
the third terminal of a three-terminal ini- 
jiedanee can Ik* connected, so that the direct 
impedance between the other two terminals <*an he measured correctly 
hy means of a suitable bridge circuit. A typical combination of capaci¬ 
tance bridge, guard circuit, and three-terminal capacitance is shown in 
Figure 2. The direct capacitance C is measured by the bridge because* 
the terminal capacitances are carried to the guard circuit, C\ providing 
coupling to the guard circuit, and C 2 becoming a part of guard arm //. 
If the thinl terminal were not connected to the guard circuit, the bridge 
would measure the ilirect capa<Mtance C\n parallel with the two terminal 
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Figi RE 1. Faiifl view of lli«* Type 716-1*2 (»iianJ Circuit. 
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raparitunres C\ and C; in s<'ri4‘s. Kx- 
anipl(‘8 nf tlir4V*l4*rminal I'apai’itantrs 
an* mulliple-wire raider and nudtipit*- 
winding IransforiiKTH. 'I’lie ilinM*! rapari- 
tanrr of any pair of terininal8 can In* 
mcasnrcil by connecting all the other 
terminally to the middle |M)int of the 
guard circuit. 

GUARD ELECTRODES 

\ second class of three-terminal im¬ 
pedances is that in which a guard elec¬ 
trode is added so that a particular 
pro|»erty of the im|M*dance may l»e meas- 
ure<l correctly. One of the earliest forms 
of guard electro<le is the guard ring 
shown in Figure 3, which is used in 
measuring the insulation resistance of 
cables. It serves to prevent the leakage 
current over the surface of the insula¬ 
tion from lK*ing included with that flow¬ 
ing through the volume of the insulation. 
The guard ring, inner comluctor, and 
outer sheath taken together form a 
three-terminal resistance smdi as is 
shown <iiagranimatically in Figure t. 
TTie guard ring is iisiially ^•onnected to 
one of the other c<»rners of the bridge as 
shown in Figure 3. No error results as 
long as the terminal resistam*e R» is 
large compare<l w ith the resistance of the 
bridge arm V. If this condition is not ful- 
lilled, the guard ring must he connected 


to a guard circuit FH shown connected 
to the bridge by dotted lines. The same 
sort of flirect connection to the bridge is 
sometimes used in lieu of a guard circuit 
on capa(*itance bridges, the junction of 
the ratio arms fa'ing the corner of the 
bridge to which the guard electrode is 
connecte<l. This places the terminal 
capacitance f7| of Figure 2 across ratio 
arm B. 'Fhe <;apacitance reading of the 
britige w ill be essentially correct, but the 
<lissipation factor will Ik* in error by an 
amount RwCi. 

In capacitance measurements the 
most important use of a guard electrode 
is in deflning exactly the measured ca- 
pacitam*e, so that the air capacitance 
can \ie calculated and the dielectric con¬ 
stant obtained therefrom. A sectional 
view of guard an<l measuring electrodes 
applied to a disk of insulation is given in 
Figure 5. The gap between the guard and 
guarded electrodes is kept as small as 
|N>ssible. The effective diameter of the 
guarded measuring electrode is taken as 
that of the middle of the gap. It is usual 
l<i connect the electrodes to the bridge 
and giianl circuit in such a way as to 
bring the guard and guarded electrodes 
to the same potential. Tlie lettering of 
I he three capacitances in Figure S is in 
accordance with this condition when ap¬ 
plied to the bri<lge of Figure 2. TTie 
danger arising from connecting the elec¬ 
trodes in anv other order is that the volt- 


Kici RK 2. Si'hfmatir diagram showing how Ficc'KR 3. Diagram showing how a ^iiurcl 

a piiariJ ciix'iiil is c*onnrcl«il to a hridgi* h»r riiijj is eonnwtrd to a bridgt* when measuring 

measuring a three-terminal eafiaeitanee. the insulation resistance of cahh*s. 
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EXPERIMENTER 



ri(;tJKK 4. Kt|nivalfnt circuit of the cubic 
of Figure 3, nhowing how the re^idtuiice palliH 
make ii|i a three-lerminal network. 


age Ih* I wee II guard and guarded elee- 
trodeti may be suflTiciently high to break 
flown the short gap between them, or at 
least to profluee an error in both eapaei- 
tanee and ilissipation factor because of 
non-linear characteristics of the insula¬ 
tion. For low voltages the order of (con¬ 
nection is immaterial, because (capaci¬ 
tance* and resistance dejjend only on 
geometrical (*onfiguration and the prop¬ 
erties of the material. 


GUARD CIRCUIT BALANCE 


Because* a coupling impedance always 
exists between at least one of the corners 
of the bridge to which the guard circuit 
is not connected and the middle point of 
the guard circuit, as C\ in Figure 2, the 
guard circuit becomes a part of the 
bridge arms to w hich it is coupled. The 
reading of the bridge will be incorrect 
unless the guard circuit is also balanced. 
The vector conditions of balanfu* are 


_ F 

N~ P" U 


( 1 ) 


where the guard circuit im|K*dances F 
and // include any terminal imjiedanccs 
added from the impedance under meas¬ 
urement. The guard circuit can Im* bal¬ 
anced against either pair of bridge arms 
A and iV or H and P. The bridge must 
then b«* n*balance(J. Successive balamvs 
of bridge and guard circuit must follow 
until the conditions of F^fpiation (1) are 
satisfied. 



Fl(;iiKK .*>. SfM'lional view of guard and 
measuring eleetrodeft us iitkMl in determining 
the dielectric (*on!ttant of a dink of iriitidating 
material. 

The usual method of testing for bal¬ 
ance of the guard (dreuit consists in 
transferring (me terminal of the detector 
from bridge (‘irctiit to guard circuit by 
means of suitable shielded switching. 
T'his necessarily implies that the guard 
circuit is connected across the generator. 
An alternative method, which has sev¬ 
eral points of siijieriority, is to connect 
the middle point of the guard circuit to 
one of the comers of the bridge to w hich 
it is not otherwise directly connected. 
The guard circuit is thus placed in paral¬ 
lel with a similar pair of bridge arms. 
Successive balancing of bridge alone and 
bridge and guard circuit in parallel, car¬ 
ried out in exactly the same manner as 
liefore, will satisfy the conditions of 
Equation (1). 

COUPLING CIRCUIT 

The error introduced into the bridge 


Fi(;i KE 6. Diugrum of a liHdge with holli 
giiunl and coiipliiig eirciiits. 
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readings by a lack of balance of the 
guard circuit depends on the magnitude 
of the inijxjdances coupling it to the 
bridge. These are shown diagrammati¬ 
cally in Figure 6. 'flie two impedam’cs S 
and T together form a coupling circuit. 
It is obvious that, if both of these im¬ 
pedances were infinite, the balance of 
the guard circuit would not matter and 
I his circuit would In* * merely a loa<l on 
the generator. But this is, of course, an 
inipo.ssible condition, because in the use 
of I he guard circuit one of the terminal 
im|>e4lance8 is connected to it. A second 
way in w hi<*h unbalance of the guard cir¬ 
cuit will not affect the bridge readings is 
that the coupling cin'uil is lialanced so 
that 

( 2 ) 

KPT ^ ’ 

From the symmetry displayed in Fig¬ 
ure (), there is really no difference l>e- 
tween guard circuit and coupling circuit. 
Fquation (2) must follow from Fc|uation 
(1) since the positions of generat«)r and 
detector are interchangeable. These con- 
<litions have In'en studied recently in 
considerable iletail by Balsbaugh’ and 
Astin^. Any approach toward balance of 


the coupling circuit will decrease the 
4lej>endence of the briclge on guard tur- 
cuit balance. It is, therefore, (piite usual 
to provide a partial balance of the cou¬ 
pling circuit by balancing only the 
dominant component. In the circuit of 
Figure 2 a variable air condenser Cs 
connected between the junction of the 
guard arms F ami II and the junction of 
the bridge arms A and t\ wouhl be ad¬ 
justed until 


B 


£l 

Cs 


( 3 ) 


The only convenient method for ileter- 
mining balance of the coupling circuit is 
by connecting its middle point, the junc¬ 
tion of guard and c’oupling circuits, to 
whichever corner of the bridge places it 
across a similar pair of bridge arms. In 
the circuit of Figure 2, the middle point 
would lie carried to ground. 

The earliest lyj)e of guard circuit was 
suggested by Wagner for the purpose of 
removing from the bridge circuit the 
capacitances to ground of the bridge 
arms, generator, and detector. Since the 

'Balnbaugh & Mdun, "Bridge for Prccirioii Power Faelor 
Measiirementa," AIKK Trann.. Vol. 52. p. 528. 1935. 

Ba]i>liaiigh & Herzenlierg, "Comprehenaivc Theory of a 
Power Factor Bridge." Journal of the Franklin Institute. 
Vol. 218, p. 49. 19.34. 

*A. V- Aelin, "!Vfea.4urrinenl of Relative and True Power 
Factors of Air Capacilont." journal of Ueaearch of National 
Bureau of Standards. Vol. 21. p. 425, 1938. 
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EXPERIMENTER 


wriKTator uatJ usually ronncrt«Ml arross 
(lu* ratio arms, aiwl li of Fij^un* I, llu* 
W a^ner (rroiiml u as roinposoil of similar 
im|KMlanres, like the eotiplin^ eireiiil 
just <leserilH*il for Figure 2. Frec|ueully 
it consisted merely of a rln'ostat used as 
a voltage diviiler with the sliding t*on- 
tact grounded. Halshaiigh^ has suggested 
that the eirt'iiit connected acn»ss the 
general<»r la* called the guard circuit, and 
tlie circuit <*onnected across the d<*lector. 
tlu* <*ou|ding (‘irciiit. 

TYPE 716.P2 GUARD CIRCUIT 

TTie T'ypk 7U)-P2 (hiard (circuit em- 
luHlies m«>st 4)f the features contain<‘fl in 
the above <iis<*ussion. Its wiring <liagram 
is given in Figure 7 in connectitui with 
that of tin* T'ypk 7I6-\ (lapacitance 
Hri<lge. with which it is designed to be 
used. It consists of guard arms /'and // 
ami a coupling capacitance Cs, together 
with the switt'hing necessary to c<mnect 
the jiinctimi of guard and coupling cir* 
cuits to the bridge for balancing, and to 
<*onnect and ilisconnect the three- 
terminal <'apacitan(*e Ixdiig measuretl. 
'The arms /• and II are madi* as (h'xihle 
as |»ossihle so that the guard circuit may 
cover the same capacitance and dissipa¬ 
tion factor ranges as the bridge. The ex¬ 
act numeri«*al values of these arms are 
sht>wn in Figure 7. TTie resistance arm F 
is made variable L»ecaus4‘ the tc»tal capac¬ 
itance of arm //, In'ing the sum of Cu 
and one of the terminal capacitam*es. 
may be greater than C\, Arm f also has 
a parallel (*apacitance Cy ami a series 
mductance Ly so that it may Im* bal¬ 
anced for dissipation factor undt'r all 
conditions. T’he ilei-a^h* <*omlensc*r is 
necessary wlwn resistance I' is small. 
T'he iniluctam’e. which provides a nega¬ 
tive dissipation fai*t«>r, is needed when 

‘BaUbauch. lloMrllA "<^nrralMU!«l Hri«(||p \rl- 

fiir llirlrrtrir Mrai>iirrnH>nl>«** In br iiubliphpii in 
AIKK. IVrornlPil at thr Wirilcr Cun%erttHMi of tlir Amertran 
loMiituirnr Klrrlrii'al Knfitiprra. NVh > «»rk. January 22-26. 
I‘> 10. 


the losses in the terminal capacitanci's 
added to the arm II are exct'ssive. 'I’lie 
conditions to Ik* met are seen l»\ express¬ 
ing F(|nation (I) in terms of the storage 
factors of the resistance arms and the 
dissipation factors of the capacitance 
arms. 

C/.i T II.\ = Qh + ///• = (Jf 4- l)/i (*1) 

where Qy = h'uCy. Dn = Z/wC//, etc. 
W hen Dft is very large, Qy must Ik* 
negative to make a balance* |K>s&ible. 

T’he Typi-: 7lh-P2 (vuard Circuit is 
made of relay-rack width like the 'Fypk 
7lb-A Capacitance Bridge and is in¬ 
tended to Ik* mounted alMive the bridge 
in a relay rack or in hack for table 
mounting. TTie apfiearunce of the panel 
is s<*eii in Figuix* 1. TTic guard circuit 
pro|M*r is connected to the briilge* by a 
shielded cable. TTie other corners of the 
liridge (the high sides of the capacitance 
arms) are i-arried to the switches in the 
guard circuit in shielded cables with the 
shields conne<*ted to the middle of the 
guard circuit. This proi-ediire minimizes 
the capacitance added across the I'apaci- 
tam*e arms of the bridge and makes it 
|K>ssible to iiw the bridge for either 
direct-reading or substitution measure¬ 
ments. The three leads to the unknown 
three-terminal condens4*r are carried 
from the guard circuit panel, two in a 
shielded (*able and one as a ground lead. 
TTie coupling condens<‘r is made up of a 
fixed part. whi(*h equals the capai'itance 
intHNiiiced by the shielded cable, and a 
variable air condenser, whii-li balam*es 
the terminal capacitanc<‘ C|. 

W bile the 'Fypk 715-P(i (lUanl (Treuit 
is arrange<l for o|M*ration with the Tvpk 
7l(>-\ Ca[>a<*itance Briilge, it can Ik* 
iiwd with any 4*apacitaiice hriilge having 
comparable resistance ami capai-itance 
arms, provided suitable connections (‘an 
Ik* made to the bridge. It can Ik* used 
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over the same frequency range as the 
bridge. This frequency range can be ex¬ 
tended by cbanging the values of the 
resistance arm and its series inductance. 
A wide-frequency-range guard circuit 


can be constructed by ganging togetlier 
three sets of resistance arms and pro¬ 
viding three different inductors, the 
various sets Indiig selected by a three- 
point switch. Prices for these special 
arrangements will be quoted on request. 

— R. F. Field 


SPECIFICATIONS 


RangR 2nd Accuracy: The range and accu¬ 
racy of ihe Typk 7I6-A Capacitance Bridge 
are not altered by the use of the guard circiuil. 
The addition of the guard circuit cuiiaed an 
error in the reading of the capacitance dial of 
I //^f hut a correctioir can he easily made for 
this. 

R 6 S I S t a n C 6 Arm: () to 20 k B in series with 
0 to I h and in fiarallel with 20 to 50tM) ntxf. 
Capacitance Arm: to to IISO /i//f with a 
line adjiistinent. 

Coupling Circuit: lH0io525;xMf- 
Shielding: The three traiirtfer and discon- 
necting switches are mounted in an insulate<l 


shield kept at guard potential. A metal du*t 
cover and the aluminum panel form a complete 
grounded shield. 

Frequency Range: The guard circuit i^ 
intended to l>e used at a frenuency of 1 kc. It 
can be used, however, over tne same range as 
the Type 716-A Capacitance Bridge, provided 
the power factors of the terminal capacitances 
are not excessive at the lower frequencies. 

Mounting: Relay-rack or cabinet mounting. 

Dimensions: Panel, 19 x 7^ inches; depth 
behind panel, 9 inches. 

Net W e i g h t : .30 pounds. 


Type 

Description 

C<nle If ord 

Price 

716-P2M 

Cabinet. 

, DUS43MGi;.\IU> 1 

$190.m» 

7I6-P2R 

1 Relav Rack. 

BONCSGCAHO | 

170.00 


CHECKING THE ACCURACY OF NEW YORK CITY 
TELEPHONE TIME SERVICE 


• “WHEN YOU HEAR THE SIG- 

NAL, the time will be one tliirty-cight 
and one-quarter.’’ Four limes each min¬ 
ute, an operator sitting bi‘fore a micro¬ 
phone. in a soundproof room at a New 
York Telephone Company building in 
mid-Manhattan tells the correcl lime to 
the iinpiiring city — and someone in the 
New' York area wants to know the time 
almost continuously during the day and 
night. 

'The Telephone Company’s time-tell¬ 
ing service carries the high })olish of gcKjd 
engineering. The o])erator, selected for 
her voice appeal, faces a panel fitted 
with switch knobs, lamps, and a double 
clock — double in case of emergency. 
Beside the numbers regi.stering the time 
in hours and minutes, quartered seconds 
roll under an index for their revolving 


disk. A green light gives the operator the 
cue to announce the time just before the 
signal tone. If her voice is too loud, a 
yellow pilot light glows on the panel; a 
blue one admonishes her if she speaks 
loo low. Since the oj»eralors shift every 
half hour these signals are particularly 
helpful to the new o|)erator in adjusting 
her voice. 

Miss Time Service does not hear the 
’’Thank you” of her listeners because of 
a one-way conneertion to their lines. A 
pilot light indicates that her number. 
Meridian 7-1212, is being called. If the 
light should go out, the o|R*rator could 
rest her voice. But it seldom goes out. 

The Telephone Company arranged to 
idieck the accuracy of the clocks by a 
binaural comparison with the Arlington 
radio lime signals, Ustening to the clock 
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pulse with one ear and to the radio sig¬ 
nal with the other. By this method a 
quarler-seeond is a good aceuracy. 

To benefit jewelers, astronomers, and 
others w ho asked for highly precise time, 
it became desirable to provide a means 
for making a closer check. To meet this 
need, a visual stroboscopic checking de¬ 
vice was worked out with the General 
Radio Company, which, while com¬ 
paratively inexpensive, permits checking 
the Time Bureau signals to five-thou¬ 
sandths of a second. 

This unit, the P-489 Time Com¬ 
parator, is essentially a 113-kilocycle 
amplifier which flashes a Slrobotron 
lamp at the beginning of each Arlington 
signal and at the lieginning of the time 
tone sent to the telephone subscribers. 
The flash shows through a slit in a disk 
turning once a second, and any variation 
in the time as compared to the Arlington 
signal is measured by the space between 
the flashes. The one-hundredth second 
scale graduations surrounding the rotat¬ 
ing disk are three-sixteenths of an inch 


apart. The narrow slit permits reading 
to half-divisions — five thousandths of a 
second. 

Today the equipment is installed at 
the Time Bureau, where, each hour that 
the Arlington time signals are trans¬ 
mitted, a check may be made on the 
accuracy of the Bureaifs tone. Since the 
Bureau’s time source is the crystal clock 
of the Bell Telephone Laboratories, the 
stability and accuracy of the time trans¬ 
mitted to the Bureau are unquestioned. 
The Time Comparator is the final abso¬ 
lute check on the functioning of the 
several miles of cable, the clocks, and the 
ingenious pulse-control relays. 

The usefulness of the P-489 Time 
(Comparator is not limited to time bu¬ 
reaus. Astronomical observatories and 
public utilities, whose customers de}>end 
on electric clocks, w ill find in it a distinct 
advantage in the stroboscopic rather 
than the aural method of checking their 
time against the Arlington time signals. 

—F. Ireland 


The time service operator seated at her desk with the double clock. The rectangular panel on the 
wall above the desk is the Time Comparator. Photograph courtesy New York Telephone Company. 















A portion of the fltanclanli/.ing lahoratory at the General Radio Company. In the foreground are 
several Type 6().5-B Standard-Signal (renerators undergoing calibration. 


MISCELLANY 


• THE TYPE 631-B STROBOTAC 

is now e(]uip])e(l with a slow-mot ion 
drive which ^eatly facilitates setting 
the s|)eed control dial. This drive has a 
reduction ratio of 5 to 1. Precise set¬ 
tings of flashing 8|)eed can be made 
while the Strobotac is held in the hand. 

• “THE NON-DESTRUCTIVE 
T E S T I N G of Insulation” was the title 
of a paper delivered by R. F. Field l>e- 


fore the February 8 meeting of The 
Fleet rical Equipment (lommittee of 
New England, an organization comjK)sed 
of engineers from New England public 
utility' companies. 

• “SQUARE-WAVE TESTING'* 

was discussed by Mr. L. R. Arguimbau 
at the January 26 meeting of the Boston 
Section, I.R.E., and also at the recent 
Broadcast Engineering C'onference at 
Ohio State Universitv. 


nnilE General Radio EXPERIMEMTER is niailefl ivithout charge each 
month to engineers, scientists, technii'ians, and others interestefl in 
communication-frequency measurement and control problems. When 
sending requests for subscriptions am! a€!dress-idiange notices, please 
supply the follotcing information : name, company name, company ad- 
€lress, type of business company is engagetl in, and title or position of 
indivi€iual. 
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